Abstract: A series of novel crosslinked polymer electrolyte membranes were successfully prepared based on the modification of a hyperbranched poly(amidoamine) with terminal vinyl groups. The membranes possessed the different contents of proton-generating sites (i.e., protonated tertiary amine groups) and triflate (Tf 2 N -) in the crosslinked network. They showed good mechanical and thermal stability. The water uptakes of them were ca. 8.4-24.5%. Their proton conductivity was of the order of ca. 10 
Introduction
During the past two decades, polymer electrolytes have attracted a great deal of interest due to their promising applications in electrochemical sensors, lithium cells and electrochromic devices, etc. One kind of polymer electrolytes containing the complexed salts has been widely investigated for their ionic conductivity [1] [2] [3] [4] [5] . In these studies, the inorganic or organic salts containing triflate (Tf 2 N -) were used most frequently for promoting charge transport due to the inherent merits of Tf 2 N -ions, such as the remarkable chemical and electrochemical stability, the flexible molecular structure, and the highly delocalized anionic charges to produce the weak interaction with polymer dipoles. Proton-conducting polyelectrolyte membranes, such as the linear sulfonated aromatic polymers and phosphoric acid (PA)-doped polybenzimidazole (PBI) membranes, have also received much attention for the polymer electrolyte fuel cells (PEFCs) use [6] [7] [8] . In these cases, the aromatic polymers or polybenzimidazoles acted as backbone materials, and the protongenerating sites like sulfonic groups (-SO 3 H) were responsible for their proton conductivity. To ensure the physical and chemical stability of the membranes, the crosslinking method could be applied. For example, the UV crosslinked sulfonated poly(styrene-b-butadiene-b-styrene) (SBS) membranes showed the decreased water uptakes, and the ionically crosslinked PBI (base)-sulfonaed polymer (acid) blend membranes showed the enhanced stabilities [9, 10] .
Due to the three-dimensional architectures with a large number of branching points and terminal groups, hyperbranched polymers are suitable to make some functional materials by modification [11] . Till now some hyperbranched polymers have been used as polymer electrolytes for the lithium-battery application. Especially, the hyperbranched polymers containing the flexible ethylene oxide units have been intensively investigated by complexing with some lithium salts, and their ionic conductivity was ca. 10 -7 -10 -3 S/cm [12] [13] [14] . In addition, a few hyperbranched polymers have also been studied for the PEFC application. For instance, a tough electrolyte membrane was obtained by the interpenetration reaction of a sulfonic acid-terminated hyperbranched polymer with the corresponding acryloyl-terminated hyperbranched polymer (as a cross-linker), and its proton conductivity ranged from ca. 10 -7 to 10 -4 S/cm under dry condition [15] . The hyperbranched PBI membranes crosslinked by the dicarboxylic acids showed high proton conductivity at 0% relative humidity (in the magnitude of 10 -2 S/cm), good mechanical and thermal stability [16] .
Here we reported a novel kind of crosslinked polymer electrolyte membranes based on a hyperbranched poly(amidoamine) with terminal vinyl groups. On the one hand, the terminal vinyl groups could be crosslinked by heat-initiated reaction to produce the crosslinked polymer electrolyte membranes with good mechanical and thermal stability. This process was facile without the assistance of any extra crosslinking agents. On the other hand, the numerous protonated tertiary amine groups in the branched points together with the introduced Tf 2 N -anions could endow the membranes with the high proton conductivity. Their conductivity could be comparable to or even exceed that of the various reported polymer electrolytes [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] .
Results and discussion

Synthesis of the crosslinked polymer electrolyte membrane
The preparation procedure of the crosslinked polymer electrolyte membrane (named c-HP(NH + Tf 2 N -)) is illustrated in Fig. 1 . The hyperbranched poly(amidoamine) with terminal vinyl groups (named HP-vinyl) was firstly synthesized via the Michael addition polymerization [11, 17] , which possessed numerous tertiary amines groups in the branched points and a lot of vinyl groups on the terminals. The tertiary amine groups in HP-vinyl were then protonated by nitric acid based on a simple acid-base reaction. After that, the nitrate ions were exchanged by the anion donors Tf 2 N -through the metathesis reaction. The following heat-initiated reaction of the terminal vinyl groups resulted in formation of the crosslinked membrane. By adjusting the amount of nitric acid (HNO 3 ) and lithium bis(trifluoromethane sulfonyl)imide (LiTf 2 N), a series of the crosslinked polymer electrolyte membranes with the different protonation ratios and Tf 2 N -contents were obtained.
The NMR spectra of the polymer precursors, i.e., HP-vinyl and HP(NH Fig. 4(a) , the absorption peaks of Tf 2 N -ions were observed. In comparison with that of HP-vinyl (Fig. 4(b) ), it could be concluded that the disappearance of the characteristic vinyl (C=C) stretch at 1612 cm -1 was ascribed to the crosslinking reaction of the vinyl groups. The swelling properties of the membranes were determined by their water uptakes at the different temperatures. As shown in Fig. 7 , the values of water uptake increased with increasing the temperature for each membrane, and the increment of water uptake was more distinct for the membrane with the lower protonation ratio. Although the hydrophilic units (such as the protonated tertiary amine groups) in the polymer membrane could interact with water molecules strongly and absorb them into the polymer membrane, the hydrophobic Tf 2 N -ions coexisting in the polymer membrane resulted in counteractive effects. In addition, the three-dimensional architecture of the hyperbranched polymer was fixed by crosslinking, which could also decrease their water uptakes. As a result, all the membranes showed the limited water uptakes of less than 25%, and the c-HP(NH C. This could be ascribed to the abundant proton-generating sites in it. The nearly linear plots were obtained when the data in Fig. 8 was replotted as log(conductivity) vs 1/T (see insert Fig. 8 ). It suggested that the proton conductivity of these membranes exhibited a Vogel-Tammen-Fulcher (VTF) type temperature dependence [15] . The segmental motion of the flexible alkyl segments might play a role in the long-range charge transport as those in the various polymer electrolytes composed of PEO and lithium salts [12, 18] . ) wet membranes were also evaluated. The wet membranes were prepared by immersing the dry membranes into excess ultrapure water for 3 days at room temperature to reach a swelling equilibrium. The results in Fig. 9 showed that the conductivity of the wet membranes exhibited the similar temperature dependence to that of the dry ones. However, the proton conductivity was much higher than those of the dry ones under the same temperature. For example, the proton conductivity of c-HP(NH [19, 20] , leading to the high proton conductivity.
Microstructure of the c-HP(NH + Tf 2 N -) membranes
Generally, the proton conductivity of polymer electrolyte membranes was highly dependent on their microstructure, especially the spatial distribution of ionic sites [21, 22] . Herein, the scanning electron microscope (SEM), elemental analysis and atomic force microscopy (AFM) were adopted to evaluate the c-HP(NH Fig. 10 . It could be seen in Fig. 10(a) that the surface of the membrane appeared to be a homogeneous glasslike matrix at the micro lever. The cross-sections were also compact and homogeneous as shown in Fig. 10(b) . Furthermore, the energydispersive X-ray spectroscopy (EDX) of the membrane surface (insert in Fig. 10(a) ) revealed that the membrane consisted of carbon (C), nitrogen (N), oxygen (O), fluorine (F) and sulfur (S) elements as expected, and no impurity elements could be found. ) membranes with the various protonation ratios were then investigated by AFM. As shown in Fig. 11 , the dark domains in each image represented the hydrophilic clusters containing the protonated tertiary amine groups, while the light gray domains represented the hydrophobic moieties resulting from the spontaneous electrostatic assembly of Tf 2 N -ions. The hydrophilic clusters, which were formed by the micro-phase separation of the hydrophilic proton-generating sites (i.e., protonated tertiary amine groups) and the hydrophobic domains (electrostatic assembly of Tf 2 N -ions) might provide the proton transport channels. From Fig. 11(a) to (e), it was clear that the microstructure of the membranes was affected greatly by the protonation ratio. The micro-phase separation became more and more distinct, and the domain of the hydrophilic clusters became larger and locally continuous with increasing protonation ratio. It indicated that there were more proton transport channels in the c-HP(NH + Tf 2 N -) membrane with the higher protonation ratio, thereby producing the higher proton conductivity. 
The phase morphologies of the c-HP(NH
Experimental part
Materials N-Methyl-1,3-diaminopropane (MeDAP, 98%) and N,N'-methylene bisacrylamide (MBA, 96%) were purchased from Acros and used as received. Lithium bis(trifluoromethane sulfonyl)imide (LiTf 2 N, 99.99%) was purchased from Aldrich. Nitric acid (HNO 3 , 15.9 mol/L) was purchased from Sinopharm Chemical Reagent Co. Ltd.
Synthesis of the hyperbranched polymer precursor HP-vinyl
HP-vinyl was synthesized according to the previous reference [17] . 
where X was the total amine value (mol/g); C was the concentration of the hydrochloric acid-ethanol solution (mol/L); V was the consumed volume of the hydrochloric acid-ethanol solution (mL); m was the mass of the HP-vinyl sample (g).
Modification of HP-vinyl by HNO 3 and LiTf 2 N
Typically, 2.5 g HP-vinyl was dissolved in 20 mL deionized water. A certain amount of the aqueous solution of HNO 3 (10 mol/L) was added dropwise into it under stirring. After reacting at room temperature for 2 h, the solution of the protonated hyperbranched poly(amidoamine) with terminal vinyl groups (HP(NH + NO 3 -)-vinyl) was obtained. Then the aqueous solution of LiTf 2 N (20 wt%) was dropped into the system under strong stirring. The amount of LiTf 2 N was kept at 10% mol. excess to the added HNO 3 . In this process, the transparent solution was gradually changed into a milk-like mixture. Finally some white viscous precipitates were produced after staying overnight. The precipitates were collected and washed by deionized water to remove 
where C was the concentration of HNO 3 (mol/L); V was the adding volume of HNO 3 (mL); m was the mass of the HP-vinyl sample (g); T was total amine value of HP-vinyl (mol/g). 
Preparation of the c-HP(NH
Water uptakes of the c-HP(NH + Tf 2 N -) membranes
The membrane samples were dried in vacuum to constant weight and weighed. Then they were immerged into the excess ultrapure water at room temperature for 3 days to the swelling equilibrium. Then the membranes were taken out from the deionized water and weighed after the residual water on the membrane surfaces were wiped off by absorbent paper. The water uptake was calculated according to Eq. (3):
Water uptake = (W wet -W dry )/W dry × 100 %
where W wet and W dry refer to the weight of the wet and dry membranes, respectively. 
Proton conductivity of the c-HP(NH
where σ was the proton conductivity (S/cm); L was the distance between the two inner electrodes (cm); A was the cross-sectional area of the membrane (cm 2 ); R was the determined resistance of the membrane.
